Introduction
============

Ulcerative colitis (UC) is characterized by relapsing and remitting intestinal inflammation of unknown etiology [@JR1526-1] [@JR1526-2] . Mucosal healing (MH) has emerged as a therapeutic goal in the management of patients with UC because of increasing evidence that MH is associated with a better clinical outcome, such as sustained clinical remission, lower hospitalization rates, and reduced colectomy rates [@JR1526-3] [@JR1526-4] [@JR1526-5] . Among the endoscopic indices for monitoring UC disease activity, the Mayo endoscopic subscore (MES) of 0 or 1 is often used as the definition of MH in clinical trials; however, several studies have indicated a distinct difference in the relapse rate between clinically quiescent UC patients with MES 0 versus MES 1. One reason for the difference is that assessment of MES 0 or 1 varies widely between endoscopists [@JR1526-6] [@JR1526-7] [@JR1526-8] [@JR1526-9] . In addition, other studies have indicated that endoscopic MH does not necessarily reflect quiescent microscopic UC disease activity [@JR1526-10] [@JR1526-11] . Bryant et al. reported that microscopic inflammation persists in 25 % of patients with endoscopic MH [@JR1526-12] . Moreover, persistent microscopic inflammation in the colonic mucosa is associated with a higher relapse rate [@JR1526-13] . Histologic evaluation with endoscopic biopsies enables detailed assessments of colonic inflammation in UC patients [@JR1526-14] [@JR1526-15] ; however, mucosal biopsy is an invasive method with a potential risk of complications, such as perforation, which may increase costs and delay treatment for patients who require immediate therapeutic intervention. Therefore, a noninvasive, repeatable, and objective scoring system for evaluating mucosal inflammation needs to be established.

The recent development of advanced endoscopic imaging modalities, including both virtual chromoendoscopy and magnification endoscopy, enables endoscopists to visualize and interpret the mucosal details of the colon [@JR1526-16] [@JR1526-17] . Among them, the i-scan is a newly developed image-enhancing endoscopic technique from HOYA/PENTAX (Tokyo, Japan) [@JR1526-18] . The i-scan TE-c is a digital transmission method available for the HOYA/PENTAX EPK-i system in conjunction with the EC38-i10 M video colonoscope. This system provides image-enhancing technology to emphasize the mucosal microvasculature and vascular changes, which allows for early detection of several gastrointestinal tumors and dysplastic lesions in inflammatory bowel disease (IBD) [@JR1526-18] [@JR1526-19] . In addition, previous studies reported that vascular images of colonic mucosa using the new advanced high definition (HD) endoscopic techniques including i-scan are associated with disease prognosis in UC patients [@JR1526-20] [@JR1526-21] [@JR1526-22] . Iacucci et al. showed that subtle histological abnormalities underlying the healed mucosa of the colon in UC patients could be detected using HD colonoscopy with i-scan [@JR1526-23] . Neumann et al. reported that mucosal vascular changes in the colon visualized using virtual chromoendoscopy with the i-scan predicts the severity and extent of mucosal inflammation in patients with IBD compared with those imaged with conventional white-light endoscopy [@JR1526-24] ; however, the assessment of those modalities was subjective and not quantitative.

The aim of this study, therefore, is to assess the usefulness of a new endoscopic imaging system using the i-scan TE-c in the objective evaluation of colonic mucosal inflammation in clinically quiescent UC patients with MES 0 or 1.

Material and methods
====================

Patients
--------

From January 2011 through August 2016, we retrospectively reviewed the data from 52 UC patients in clinical remission who underwent routine colonoscopy using a colonoscope (EC-38i10M; HOYA, Tokyo, Japan) at Kyoto University Hospital. In this study, clinical remission was defined as a partial Mayo score ≤ 2. Colonic mucosal activity was assigned a MES on the basis of colonoscopic findings ( [Supplementary Table 1](#TB1526-3){ref-type="table"} ) [@JR1526-25] . Informed consent was obtained from all patients, and the experimental design using these samples was approved by the Kyoto University Hospital Ethics Committee (number: 2017-R1104). All endoscopic examinations were performed by three of the authors (Y.H., M.M., H.N.) who were board certified specialists of the Japan Gastroenterological Endoscopy Society. The three endoscopists independently evaluated the endoscopic images and determined the MES values. In the case of a disagreement among them with regard to the MES values, a final score was recorded based on agreement after discussion among them. Before reviewing this study, the three endoscopists were trained using a training set of 20 endoscopic images from colonoscopy; during this training exercise, they independently determined the MES for the 20 endoscopic images, and consensus was sought with regard to the scoring among them to enhance the agreement in their scoring to compensate for insufficient interobserver agreement.

###### Mayo Endoscopic Subscore.

  --- ---------------------------------------------------------------------------------
  0   Normal or inactive disease
  1   Mild disease: erythema, decreased vascular pattern, mild friability
  2   Moderate disease: marked erythema, absent vascular pattern, friability, erosion
  3   Severe disease: spontaneous bleeding, ulceration
  --- ---------------------------------------------------------------------------------

Image recording devices
-----------------------

A colonoscope and a still image recorder (MV-10XD; TEAC, Tokyo, Japan) were connected to a video processor (EPK-i; HOYA), which operated the colonoscope, and the endoscopic images were saved to the still image recorder as tiff images. Normal and TE-c enhanced images were simultaneously recorded using EPK-i's Twin Mode. Biopsies of significantly red portions were obtained from patients with UC in this study and tissue inflammation was pathologically confirmed. We attempted to quantify the degree of inflammation because the red areas in the TE-c enhanced images indicated inflammation. The data were converted to a hue/saturation/brightness color space values (HSV model). The hue and saturation values were used to evaluate the inflammation, but the brightness value was not used for quantification because it was largely affected by the image recording conditions.

Procedure for calculating the MAGIC (Mucosal Analysis of Inflammatory Gravity by i-scan TE-c Image) score
---------------------------------------------------------------------------------------------------------

Total colonoscopy and routine observation were performed to determine the MES and define the target area, which was the most severely inflamed area in the segment. In the TE-c enhanced images of normal or inflamed colonic mucosa with improved color contrast, the degree of inflammation was quantified for the entire screen by correlating the value with the reference value for each pixel in the HSV color space. The MAGIC (Mucosal Analysis of Inflammatory Gravity by i-scan TE-c Image) score was defined as the mean value of the quantified values for each pixel. Electric mask and halation portions, and the areas of low reliability in the dark portions, were excluded from the MAGIC score. Reference data were obtained by randomly sampling 26 cases whose images revealed apparent bleeding, and then sampling the blood data from the bleeding portions shown in the images. The distribution of inflammation was shown by coloring the correlating value of each pixel. The main calculation procedure to obtain the MAGIC score was converting RGB to the HSV color space. The HSV color space is an index that provides three elements of color: hue, saturation, and brightness. Hue indicates a color as an angle, saturation indicates the vividness, and brightness indicates luminance. The MAGIC score was calculated from the hue and saturation to reduce the negative influence of the lighting conditions. The pixels were scored with a function defined by the difference between the pixel of interest and the reference pixel. The difference in hue was defined as *θ* and the difference in saturation was defined as *r*  --  *r* ~blood~ . The inflammation score was defined as the sum of the two subscores. A similar process was applied to all pixels, and the mean value was considered to be the MAGIC score. The actual MAGIC score was calculated to four significant digits. The MAGIC score ranged from 0 to 10 000. [Fig. 1](#FI1526-1){ref-type="fig"} shows the processing flow.

![ The level of inflammation was calculated with a weighting function from the differences between references after excluding the low-reliability pixels in the TE-c enhanced image. Coloring each pixel according to the level of inflammation creates a visual image of the MAGIC score as a color map. The MAGIC score was defined as the mean inflammation score of all of the pixels.](10-1055-a-0990-9375-i1526ei1){#FI1526-1}

Histologic evaluation
---------------------

We evaluated histologic inflammation in the colonic tissues obtained from biopsy specimens according to the Geboes score [@JR1526-15] . The Geboes score has six grades: architectural change, chronic inflammatory infiltrate, lamina propria neutrophils and eosinophils, neutrophils in epithelium, crypt destruction, and erosion or ulceration. The Geboes score ranges from 0.0 (normal mucosa) to 5.4 (severe inflammation with ulcers and granulation).

Assessment
----------

To investigate the usefulness of this new endoscopic imaging system on objective distinction between MES 0 and MES 1 in UC, we compared the MAGIC score in clinically quiescent UC patients with MES (0 or 1). Evaluation was performed at each portion of the colorectum (cecum to ascending colon, transverse colon, descending colon, sigmoid colon, and rectum), and the most severe lesions in the colorectum of each patient were used for analysis.

Statistical analysis
--------------------

All numerical data are expressed as median ± standard deviation (SD). The differences in the MAGIC score between the MES 0 and MES 1 groups were analyzed using the Mann -- Whitney *U* test. The correlation between the MAGIC score, the MES and the Geboes score was estimated using the Kendall coefficient of concordance. The comparison between correlation coefficient of the MAGIC score and the MES with the Geboes score was conducted using Meng's *z* -coefficient. The correlation between the MAGIC score and blood hemoglobin (Hb) concentration was estimated using Pearson's correlation coefficient. All calculations were performed with SPSS (IBM SPSS Statistics for Windows, Version 24, IBM Corp., Armonk, NY, United States). A *P* value \< 0.05 was considered to be statistically significant.

Results
=======

Patient characteristics
-----------------------

The patient characteristics are summarized in [Table 1](#TB1526-1){ref-type="table"} . In total, 52 UC patients in clinical remission underwent colonoscopy and the MES values of those patients were evaluated. Of the 52 UC patients, 27 were classified into the MES 0 group and 23 were classified into the MES 1 group based on the MES value. The patient characteristics of each group are summarized in [Table 2](#TB1526-2){ref-type="table"} . In this study, there was no difference in patient characteristics between the MES 0 and the MES 1 group.

###### Patient characteristics.

  Parameter                                 Value
  ----------------------------------------- -----------------
  Number of patients                         52
  Sex (men/women)                            38/14
  Median age (range), years                  50 (18 -- 80)
  Median disease duration (range), months   120 (12 -- 420)
  Extent of disease                         
  Total colitis/left-sided/proctitis         26/16/10
  Mayo Endoscopic Subscore (MES)            
  MES 0/1/2/3                                27/23/2/0
  Treatment, n (%)                          
  No therapy                                  1 (1.9)
  5-Aminosalicylic acid (5-ASA)              50 (96.2)
  Thiopurines                                 4 (7.7)
  Biologics                                   3 (5.8)
  Tacrolimus                                  1 (1.9)

###### Patient characteristics between MES 0 and MES 1.

                                            MES 0             MES 1             *P* value
  ----------------------------------------- ----------------- ----------------- -----------
  Sex (men/women)                            22/5              15/8             0.191
  Median age (year, range)                   59 (18 -- 80)     49 (18 -- 82)    0.490
  Median disease duration (months, range)   120 (12 -- 396)   132 (12 -- 420)   0.992
  Extent of disease                                                             
  Total colitis/left-sided/proctitis         14/8/5            11/8/4           0.927
  Treatment, n (%)                                                              
  No therapy                                  1 (7.4)           0 (0)           0.351
  5-Aminosalicylic acid (5-ASA)              25 (92.6)         23 (100)         0.183
  Thiopurines                                 8 (29.6)          1 (4.3)         0.020
  Biologics                                   2 (7.4)           0 (0)           0.182
  Tacrolimus                                  2 (7.4)           1 (4.3)         0.650

MES, Mayo Endoscopic Subscore.

Correlation between the MAGIC score and MES in patients with quiescent UC
-------------------------------------------------------------------------

The median MAGIC score for all of the UC patients was 691.9 ± 474.5. The MAGIC score of the MES 1 group was significantly higher than that of the MES 0 group (779.8 ± 488.4 vs. 487.2 ± 378.2, *P*  = 0.0034; [Fig. 2](#FI1526-2){ref-type="fig"} ). The MAGIC score of the mapping image clearly increased depending on the degree of endoscopic disease activity determined by colonoscopy ( [Fig. 3](#FI1526-3){ref-type="fig"} ). There were wide variations in the MAGIC score among some patients with the same MES of 0 or 1 ( [Fig. 4](#FI1526-4){ref-type="fig"} ).

![ Relationship between the MAGIC score and MES 0 or 1. The MAGIC score of the MES 0 group was significantly lower than that of the MES 1 group (MES 0: 487.2 ± 378.2; MES 1: 779.8 ± 488.4, *P*  = 0.0034). Data were analyzed by Mann -- Whitney *U* test.](10-1055-a-0990-9375-i1526ei2){#FI1526-2}

![ Representative examples of MAGIC scores in the MES 0 or 1 groups. As the degree of inflammation increased, the calculated score of the mapping image increased.](10-1055-a-0990-9375-i1526ei3){#FI1526-3}

![ Some patients in the MES groups (0 or 1) had widely ranging MAGIC scores.](10-1055-a-0990-9375-i1526ei4){#FI1526-4}

Correlation between the MAGIC score, the MES, and Geboes score
--------------------------------------------------------------

We examined the correlation between the MAGIC score, the MES, and histologic activity. In this study, we obtained biopsy specimens from 15 patients who agreed to biopsy and their characteristics are summarized in [Supplementary Table 2](#TB1526-4){ref-type="table"} . Of these 15 UC patients, eight patients were categorized into Geboes score grade 1, two patients were categorized into Geboes score grade 2, three patients were categorized into Geboes score grade 3, one patient was categorized into Geboes score grade 4, and one patient was categorized into Geboes score grade 5. Our data indicated the positive correlation between the MES and Geboes score ( *r*  = 0.535, *P*  = 0.006; [Fig.5a](#FI1526-5){ref-type="fig"} ). Moreover, we found that the MAGIC score also significantly correlated with the Geboes score ( *r*  = 0.468, *P*  = 0.015; [Fig. 5b](#FI1526-5){ref-type="fig"} ). When comparing the degree of correlation between these endoscopic scores and the Geboes score, the MAGIC score showed a similar degree of correlation with the Geboes score, compared to MES (Meng's *z*  = 0.271, *P*  = 0.393).

###### Patient characteristics in biopsy cases.

  Parameter                                 Value
  ----------------------------------------- -----------------
  Number of patients                         15
  Sex (men/women)                             9/6
  Median age (range), years                  51 (18 -- 71)
  Median disease duration (range), months   120 (36 -- 396)
  Extent of disease                         
  Total colitis/left-sided/proctitis          8/4/3
  Mayo Endoscopic Subscore (MES)            
  MES 0/1/2/3                                 9/4/2/0
  Treatment, n (%)                          
  No therapy                                  1 (6.7)
  5-Aminosalicylic acid (5-ASA)              13 (86.7)
  Thiopurines                                 3 (20)
  Biologics                                   3 (20)
  Tacrolimus                                  2 (13)

![Correlation between MES and Geboes score. The MES and Geboes score were significantly correlated ( *r*  = 0.535, *P*  = 0.006). **b** Correlation between the MAGIC score and Geboes score. The MAGIC score and Geboes score were significantly correlated ( *r*  = 0.468, *P*  = 0.015).](10-1055-a-0990-9375-i1526ei5){#FI1526-5}

Correlation between the MAGIC score and blood Hb concentration
--------------------------------------------------------------

We investigated the possible influence of the Hb concentration on the MAGIC score in all UC patients, because the MAGIC score was calculated using data from images showing apparent bleeding. The MAGIC score was not significantly correlated with the blood Hb concentration ( *r*  = 0.165, *P*  = 0.17; [Fig. 6](#FI1526-6){ref-type="fig"} ).

![ Correlation between the MAGIC score and blood Hb concentration. The MAGIC score did not correlate with the blood Hb concentration ( *r*  = 0.165, *P*  = 0.092).](10-1055-a-0990-9375-i1526ei6){#FI1526-6}

Discussion
==========

We developed a new endoscopic imaging system using the i-scan TE-c to quantify the assessment of colonic mucosal inflammation in patients with quiescent UC. This system could distinguish between MES 0 and MES 1 more clearly compared to conventional white-light endoscopy. Moreover, the MAGIC score enables more objective assessment of histologic inflammation than MES. Our novel imaging-enhanced endoscopic system with MAGIC score could become one of the non-invasive, objective and quantitative modalities for detailed evaluation of MH in patients with UC.

Recently, endoscopic evaluation of UC disease activity has become more important and essential because the treatment goal for UC has shifted from controlling symptoms during clinical remission to achieving endoscopic remission, i. e. MH [@JR1526-26] ; however, the term MH is considered ambiguous because there is no validated definition of MH in UC patients for either endoscopic or histologic examinations. MES is widely used to evaluate endoscopic disease activity in clinical practice and trials, because it is easy to assess, and an MES of 0 or 1 is often defined as MH; however, several studies have demonstrated a wide difference in the UC relapse rate between patients with MES 0 and those with MES 1 [@JR1526-7] [@JR1526-8] . Indeed, Boal Carvalho et al. reported that patients with MES 1 have a higher risk of relapse than those with MES 0 [@JR1526-26] . Iacucci et al. also mentioned that current endoscopic scoring systems, such as MES, cannot detect mild, patchy inflammatory mucosal changes and differentiate clearly between quiescent and mild activity of the UC [@JR1526-22] . Therefore, an objective method is needed to assess mucosal inflammation and which can distinguish more clearly between MES 0 and MES 1 in clinically quiescent UC.

In this study, the MAGIC score of the MES 1 group was significantly higher than that of the MES 0 group. This indicates that our scoring system may reflect the degree of colonic inflammation more clearly than MES; however, the MAGIC score in UC patients with MES 0 and 1 ranged widely from 62.0 to 1320.0, and from 184.9 to 1951.3, respectively. We examined the influence of the blood Hb concentration on the MAGIC score because the MAGIC score was calculated by a scoring system based on the blood data of the colonic mucosa; however, the MAGIC score was not correlated with the blood Hb concentration. One of the reasons for these wide variations in MAGIC score may be derived from the improvement or exacerbation of colonic inflammation during the disease course of UC characterized by remitting or relapsing. Furthermore, current novel endoscopic techniques with high definition images, optical and digital enhancement could evaluate vascular details of colonic mucosa in UC patients, and assess subtle inflammatory changes of them [@JR1526-27] [@JR1526-28] . For example, Iacucci et al. performed an excellent study to assess the intestinal mucosa using i-scan technology and showed that nearly one-third of patients with a MES of 0 had an abnormal mucosal pattern and two-thirds had an abnormal vascular pattern on virtual chromoendoscopy. This could be another reason for the wide variations in MAGIC score found in our study. In addition, the MAGIC score with TE-c was influenced not only by the brightness of the endoscope screen but also by the degree of inflation of the intestinal tract due to air insufflations. This might also be one of the reasons for the wide variations found in MAGIC scores.

Next, we investigated the correlation between the MAGIC score and histologic activity. Several previous studies have already reported the significant correlation between the MES and histologic activity, including the Geboes score [@JR1526-29] [@JR1526-30] . In our study, the MAGIC score showed a similar degree of correlation with histologic activity, the Geboes score, as well as the MES. Therefore, the MAGIC score could reflect histologic activity, although the sample size of biopsy cases in this study was very small. Moreover, it is of great importance that our endoscopic MAGIC score could predict the smoldering histologic inflammation of the colonic mucosa, even in quiescent UC patients with MES 0 or 1, while previous reports showed the correlation between endoscopic and histologic evaluations for mild to severe inflammation of colonic mucosa in patients with active UC [@JR1526-16] [@JR1526-29] . Iacucci et al. also reported that the measurement of an abnormal vascular pattern by endoscopic scoring systems using i-scan correlated with histologic activity, which supports our result [@JR1526-19] [@JR1526-23] . In addition, this system could assess the entire colonic mucosa and evaluate diffuse mucosal inflammation, whereas histologic assessment using biopsy samples cannot assess the entire colonic mucosa because biopsy specimens are obtained from only a small part of the colonic mucosa. Moreover, histologic evaluation using biopsy specimens is invasive and is associated with the risks of complications, such as perforation. Therefore, our novel quantitative endoscopic system has the potential to assess complete remission, i. e., histologic healing in addition to endoscopic mucosal healing [@JR1526-31] . The positive correlation between the MAGIC score and histologic activity could overcome the limitations of MES, although we could not investigate the patients with discordant scores of MES and MAGIC scores because this was a retrospective analysis. Thus, further prospective studies with larger samples are required to confirm these findings.

From these data, this novel endoscopic system is expected to be useful for objective and quantitative evaluation of colonic inflammation in patients with quiescent UC. However, there are several limitations with regard to this system and our study as follows: (1) specialized software is needed to analyze the MAGIC score; (2) on-site calculation of the MAGIC score during colonoscopic examination is difficult because the system requires recorded conventional data; (3) the number of patients enrolled in the study was relatively small. In particular, the number of biopsy samples of colonic mucosa was too small to discuss the details; (4) the study lacks data with regard to the correlation of MAGIC score with clinical outcome, such as clinical relapse and colectomy rate; (5) the cutoff level of the MAGIC score to define MH has not yet been validated.

In conclusion, our data strongly indicated that this novel endoscopic system is useful to distinguish objectively between MES 0 and 1. The system is easy to use and valuable for objectively and quantitatively evaluating colonic inflammation in patients with quiescent UC. To confirm the usefulness and clinical significance of this system for the management of patients with UC will require further studies with a larger number of patients in a prospective trial.
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